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ABSTRACT 

 

 Charge flow through molecules is central to the function of supramolecular machines, and 

charge transport in nucleic acids is implicated in molecular signaling and DNA repair. We examine 

electron transport through nucleic acids to understand the interplay of resonant and non-resonant 

charge carrier transport mechanisms. This study reports STM break-junction measurements of 

peptide nucleic acids (PNAs) with a G-block structure and contrasts the findings with previous 

results for DNA duplexes. The G-block PNA duplexes display a much higher conductance than 

the corresponding DNA duplexes of the same sequence, however they do not display the strong 

even-odd dependence conductance oscillations found in G-block DNA. Theoretical analysis finds 

that the conductance oscillation magnitude in PNA is suppressed because of the increased 

electronic coupling interaction between G-blocks in PNA and the stronger PNA – electrode 

interaction compared to that in DNA duplexes. The strong interactions in the G-block PNA 

duplexes produce molecular conductances as high as 3% G0, where G0 is the quantum of 

conductance, for duplexes of 5 nm length.    
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INTRODUCTION  

Charge transport through nucleic acids1-12 can proceed by tunneling, resonant, near-

resonant, or incoherent pathways that are sensitive to the macromolecular structure and its 

environment.13-16 Until recently, charge transport through nucleic acids was believed to proceed 

by coherent tunneling at shorter distances and incoherent (multi-step) hopping at longer 

distances.11, 17-19 However, recent studies found that neither the coherent nor the incoherent 

pictures are adequate to describe the transport at short to intermediate distances.20-22 For example, 

the single-molecule conductances measured for deoxyribonucleic acid (DNA) duplexes with 

alternating cytosine (C) and guanine (G) bases, namely -(GC)n- with 𝑛 ranging from 3 to 8, were 

compared to those for duplexes of the same length with the G and C bases separated into blocks, 

i.e., -GnCn-.21 The -(GC)n- duplex conductance decreases linearly with 𝑛, while the -GnCn- (G-

block) duplex conductance oscillates with 𝑛. The linear decrease of the conductance in -GnCn- is 

consistent with an incoherent charge-transport mechanism. The G-block conductance oscillations 

suggest extended carrier delocalization (coherence) over strongly-coupled, adjacent G-blocks.23   

 The strong sequence dependence conductance found for DNA7 and charge transfer24-28 

indicate sequence-dependent delocalization characteristics. Indeed, the more rapid exponential 

decrease of electrical conductance in AT duplexes compared to GC duplexes is well documented.29  

Less well understood is the influence of cross-strand couplings on the strength and mechanism of 

nucleic acid charge transfer and transport.30 For example, positioning the molecule-electrode linker 

groups and the G-blocks on the 3’ termini of the DNA duplexes causes an order of magnitude 

increase in the single molecule conductance compared to duplexes with the electrode-molecule 

linkers and G-blocks on the 5’ termini. This enhancement of the 3’-anchored G-block duplexes 

was explained by the larger cross-strand G-to-G coupling between G-blocks accessed in the middle 
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of the 3’-3’structure, compared to the corresponding cross-strand coupling in the 5’-5’ chains.30 

Because the G-blocks mediate the charge flow,24 the cross-strand block-to-block coupling is 

critical.31 Indeed, the G-to-G cross-strand coupling is estimated to be two to three times larger in 

the 3’-anchored duplexes than in the 5’-anchored species.32 The amplitude of the even-odd 

conductance oscillations in the 5’-anchored G-block systems are larger, as a percentage of the total 

conductance, because the cross-strand coupling is weaker. 

Comparing the molecular conductance through aminoethylglycine peptide nucleic acid 

(PNA) and DNA duplexes with the same base sequences can help to reveal the structural origins 

of the molecular conductances.33-36 PNA and DNA duplexes that have the same number of bases 

and the same sequence, but a different backbone structure, can display conductances that differ by 

10- to 20-fold.36 These conductance differences were explained as arising from differences in the 

populations of strongly coupled nucleobases, as well as by differences of energy level broadenings.  

Indeed, energy level broadening can produce mechanisms that are neither purely coherent nor 

incoherent. The ‘flickering resonance’ mechanism,37 relies on accessing conformations through 

molecular fluctuations that can support coherent transport during the persistence time of the quasi-

degenerate energy configurations. The studies reported here describe the single-molecule 

conductance of G-block PNA duplexes for five different lengths (𝑛 = 3 – 7), and compare the 

conductances to those measured in G-block DNA duplexes reported previously.30 This study 

explores how changes in backbone chemistry influence the conductance values and the relative 

contributions of coherent and incoherent transport mechanisms.   

The structure of N-linked PNA is shown in Figure 1. An amine-modified thymine 

nucleobase is positioned at the N-terminus of the self-complementary G-block PNA oligomer; 

Watson-Crick hybridization of the PNA oligomer leads to a PNA duplex that has a palindromic 



 4 

sequence with amine-modified thymines on both ends of the duplex. Electronic coupling occurs 

between the electrode and the amine-modified thymine at the N-terminus of one strand of the 

duplex; the modified thymine at the N-terminus of the complementary strand interacts with the 

STM break junction tip (N-to-N transport). The N-terminus of PNA is analogous to the 5’ terminus 

of DNA.38 The conductance measured for the G-block PNA duplexes is as much as 20 times larger 

than is measured for the analogous G-block DNA duplexes, and the even-odd conductance 

oscillations are found to be less pronounced in PNA.  

 
 

Figure 1. Top: The opposing termini orientations are shown for the N-linked PNA for n = 5. The 

sequence shown is TG5C5A and each color represents a different nucleotide. The duplexes are anchored 

to gold electrodes via amine modifications on the terminal thymine nucleobase. The arrows indicate the 

nucleobases considered for the GC-GC intra-strand (𝑉𝐼), GC-GC cross-strand (𝑉𝐶), and terminal AT-GC 

(𝑉𝑇) electronic coupling calculations. Bottom: One-dimensional model used in this work. 𝐸𝐹 is the 

Fermi level of the gold electrode, 𝛾𝐿  and 𝛾𝑅 are the molecule-lead electronic couplings, and 𝑉𝐼, 𝑉𝐶  and 

𝑉𝑇  are the nucleobase electronic couplings described above.  

 

 

The enhanced conductance of PNA duplexes, found in earlier comparisons between DNA 

and PNA homoduplexes, was attributed to the greater backbone structural flexibility in PNA.36 

The current study shows that the conductance of G-block PNA is larger than in G-block DNA, 

however the G-block duplexes of DNA and PNA appear to have similar structural flexibility (vide 



 5 

infra). Nevertheless, the theoretical analysis suggests that the structural changes associated with 

the different nucleic acid backbones affect the electronic couplings through the -stack and the 

nucleic acid-electrode interactions, producing stronger electrode-molecule coupling for PNA 

compared to DNA. That is, the electronic coupling interactions near the chain ends (𝛾𝐿 , 𝛾𝑅, and 

𝑉𝑇, indicated in the middle panel of Figure 1), are much larger for PNA duplexes than for DNA 

duplexes. The measured conductance value trends for the three duplex types, and the magnitude 

of the even-odd conductance oscillations are rationalized using an orbital model to describe the 

mediating state (vide infra).  

 

EXPERIMENTAL AND COMPUTATIONAL METHODS 

Conductance measurements 

Single-molecule conductances were measured for PNA duplexes of different lengths 

tethered at the N-chain ends. A diffuse duplex monolayer was formed on a gold substrate by 

spontaneous adsorption from a Tris/EDTA buffer solution of nucleic acid with amine linkers 

attached to the terminal thymine nucleobases. The electrical conductance of nucleic acid duplexes 

trapped in a junction between the STM tip and the gold substrate was measured using an AC-

modulated scanning tunneling microscope break junction (STM-BJ) method.39, 40 This experiment 

drives the STM tip to the surface of the gold substrate and then withdraws it, allowing molecular 

junctions to form between substrate and tip. During each tip withdrawal, a triangular voltage 

waveform is applied between the STM tip and the substrate and a set of current-time profiles are 

collected. Figure 2 shows an example of a single time trajectory for an STM-PNA-substrate 

junction, in which the PNA is a sequence of 12 nucleobase pairs. In this experiment, the STM tip 

is retracted at a rate of 0.1 nm/ms as the bias voltage is modulated with a 2 ms period. The retraction 
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rate was chosen to balance stability and duration of the molecular junctions.  The total length of 

the trajectory in Figure 2 is about 4 nm. Note the sharp change in current levels near the 640 ms 

time point.  This change is indicative of two distinct junction geometries, and they are described 

extensively in previous reports.29, 36, 40  Conductance measurements on duplex DNA were 

performed in mesitylene, and values were compared to earlier measurements in buffer solutions.30 

Good agreement among the measurements was found, suggesting no significant changes in the 

conformations of the nucleic acids.  For this reason, and for reasons of experimental convenience, 

conductances were measured in mesitylene solution. Fitting these current-time profiles using a 

circuit model allows the molecular conductance 𝐺 to be extracted from the data, and these values 

are used to build conductance histograms (see Supporting Information).41 Note that background 

conductance histograms were also measured in experiments without PNA molecules present.  It 

has been reported that molecular junctions of mesitylene produces conductance values of 

approximately 0.03 and 0.1 G/G0.42, 43 However, the length of these junctions is very short, about 

0.2 nm, which corresponds to a single voltage modulation period in our measurement (see Figure 

2), and it is rejected by our criterion that the molecular junction must persist for at least 4 voltage 

modulation periods at a consistent current level to indicate a nucleic acid molecular junction.  

Therefore, any mesitylene conductances that are recorded would be significantly less prevalent 

than the nucleic acid junctions, as is shown by control experiments; see the Supporting Information 

for more detail.  
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Figure 2.  Example current–time I(t) trajectory of a PNA 12-mer G-block molecular junction is shown.  

Each triangular period is 2 ms in duration, the STM tip retracts by 0.2 nm during each current response 

period, and the bar shown in the upper left gives the length scale. The initial region (blue) corresponds to 

the high conductance mode, while the later region (red) is the lower mode. Note that the junction persists 

for approximately 4 nm, which corresponds to the full length of the PNA molecule. 

 

Molecular dynamics simulations 

Nucleic acid conformations were sampled using classical molecular dynamics (MD) 

simulations, and the structures provide a starting point to compute the energies of specific base 

orbitals and their electronic coupling interactions. Initial B-DNA structures were obtained using 

the Avogadro DNA builder tool,44 and PNA duplexes were generated with the Schrödinger 

Maestro molecular modeling software,45 starting from a right-handed PNA crystal structure with 

a heterogeneous sequence (PDB ID: 3MBS).46 The CHARMM36 force field DNA parameters,47 

and the recently developed PNA parameters,48 were used (the new PNA force field produces 

structural ensembles that are consistent with those found using other force fields use in earlier 

studies).36 The structures were solvated in a TIP3P water box49 that extended at least 15.0 Å from 

each atom. A distance constraint is added between the terminal base-pairs to prevent fraying.50 

The NAMD 2.11 software51 was used to run the MD simulations. After energy minimization and 
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equilibration, the solvated structures were subjected to 100 ns of MD simulation at 300K and 1 

atm pressure. Snapshots for each system were saved every 33 ps (3000 coordinate snapshots in 

all). A detailed description of the procedure is found in the Supporting Information.  

Electronic coupling and site energy analysis 

For each MD snapshot, the nucleobase HOMO energies and nearest-neighbor cross-strand 

(𝑉𝐶), intra-strand (𝑉𝐼), and terminal AT-GC (𝑉𝑇) couplings (Figure 1) were computed from the 

Fock matrix using the block diagonalization method;52 the Fock matrix was obtained at the 

INDO/S level53 from the CNDO program.54 The INDO/S method gives a good description of 

charge transfer parameters in organic 𝜋-stacks at a reasonable computational time.55 Electronic 

couplings were computed in the two-state approximation. Only the nucleobases were included in 

the computation of orbital energies and electronic couplings, denoted as in vacuo (solvent and 

backbone atoms were removed, and dangling bonds were capped with hydrogens). The explicit 

treatment of backbone and solvent as classical point charges (QM/MM scheme) has been reported 

to have a small influence on the HOMO energy mean values,56 and in sequences with longer 

bridges, as in this study, the rate constant for hole transfer calculated using a QM/MM formalism 

and in vacuo approaches are similar.57 It has also been shown that QM/MM calculated electronic 

couplings are similar to the in vacuo results,56, 57 so we used the in vacuo results in the analysis 

described here. The methods used here were shown to provide reliable estimates of the electronic 

couplings in DNA.32, 33  

A cross-strand coupling via the superexchange guanine-cytosine-guanine pathway was 

also calculated for snapshots taken every 5 ns, using only the four nucleobases in the cross-strand 

region. A density functional theory approach was selected to describe the hydrogen bonding 

interactions between nucleobases,58 which are relevant for the superexchange pathway. The Kohn-
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Sham matrix obtained with the M11 functional59 and the ma-def2-TZVPP basis set60 as 

implemented in Gaussian 1661 was used to compute the associated electronic couplings.  

 

RESULTS AND DISCUSSION 

 

PNA duplex conductance. 

Conductance histograms for the N-to-N linked PNA duplexes with the TGnCnA sequence 

(𝑛 =  3 − 7) are shown in Figure 3, and the most probable conductance for each mode is reported 

in Table 1. All conductance histograms have two peaks, similar to the histograms reported for 

other PNA duplexes.36 The multiple peaks in the molecular-conductance histograms were assigned 

to distinct ‘conductance modes’ that can arise from different binding modes of the linkers and the 

gold atoms of the surface, specifically the number of gold atoms bonded to the linker, or from 

different conformations of the molecular junctions.62, 63 The contribution of higher conductance 

modes increases with duplex length. This correlation is consistent with the experimental 

observation that shorter duplexes, which have lower thermal stability, have shorter average 

residence times in the junction.29 Thus, the increased statistical weighting of the high conductance 

mode likely indicates an increased fraction of more stable π-stacked duplexes in the junction, 

arising from the presence of stronger π overlap between the GC pairs that make the structure more 

rigid. A more detailed discussion of the different ‘conductance modes’, as well as transitions 

between them (see Figure 2) and how they are distinguished by the length of time a molecule 

remains in the junction, is provided in references 29 and 40. 

Although both modes are shown in Figure 3, the analysis and discussion focuses on the 

highest conductance mode in order to draw comparisons with the earlier G-block DNA studies 

which focused on the highest conductance modes. In some instances, most notably for 𝑛 =  4, a 
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shoulder or second peak appears at twice the conductance value of the most probable peak for a 

given conductance mode. This feature was analyzed previously, as well, and is attributed to two 

or more molecules forming in a molecular junction.29,40 In contrast to earlier STM break-junction 

studies of PNA in which the conductance was well below 10-3 G0, the G-block duplexes studied 

here have conductances that are a few percent of G0. Measurements at these higher conductances 

created the need to distinguish molecular signals from background signals arising from (sub)oxide 

formation on the substrate which appear at ~ 0.1 G0. The measurement protocols and control 

experiments used to distinguish the two signals are described in the Supporting Information. The 

conductance shoulders of the histograms in Figure 3 and the (sub)oxide signal were excluded in 

the Gaussian fitting. 

 

 

Figure 3. Conductance histograms for the N-to-N linked PNA for 𝑛 =  3 − 7. The black curve is a sum 

of two Gaussian functions. The dotted red and green curves are the individual Gaussians for the low and 

high conductance modes respectively. The y-axis shows the number of modulation periods measured. 
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The average single-molecule conductance for the high-conductance mode shows a modest 

decrease as the duplex length increases; see Table 1. The influence of the background signal on 

the measurements is negligible for the 𝑛 = 4 to 7 duplexes, but may contribute to the 𝑛 = 3 

measurement, since fewer molecular junctions were sampled in this case (given the decreased 

residence time of the duplex in the junction). To account for these signal-to-noise constraints, more 

extensive background measurements were performed, and the peak at ~0.1 G0 was excluded from 

the analysis (see Supporting Information). Note that Table S1 provides a listing of the 

conductances and standard deviations for the lower conductance mode. 

Table 1. The average conductance of the highest observable mode, 𝐺, and the standard deviation, 𝜎𝐺 , from 

the Gaussian fits are shown for the N-linker PNA duplexes for lengths 𝑛 =  3 − 7.  

 

𝑛 𝐺/𝐺0 (× 10−2) 𝜎𝐺/𝐺0  (× 10−2) 

3 4.2 0.6 

4 3.6 1.0 

5 3.5 1.8 

6 2.8 1.4 

7 2.9 1.2 

  

The conductances of the -(GnCn)- PNA duplexes shows a nearly monotonic, albeit weak, 

decrease as 𝑛 increases.  Figure 4 plots these PNA data and the conductance data for 3’-DNA G-

blocks and 5’-DNA G-blocks. We measured molecular conductances for 𝑛 = 3 - 5 G-blocks of 3’ 

and 5’ DNA duplexes (see Supporting Information) and found good agreement with the values 

reported earlier by Tao and coworkers.21, 30 Both of these data sets, the sets reported here and by 

Tao, are plotted in Figure 4. These data highlight the significant difference in the average 

conductance for the three duplex types, as well as the decreasing prominence of the conductance 

variations with even and odd G-block lengths in the three duplexes (see Supporting Information 

for plots showing the lower conductance modes).   
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Theoretical analysis of DNA and PNA structure and electronic properties  

Molecular dynamics simulations of PNA and DNA duplexes –(G5C5) – were run for 100 

ns. This time range allows sampling of the inter-nucleobase fluctuations and a subset of duplex 

conformational changes.33 Analysis of these structural data indicates that the root-mean square 

deviations (RMSD) for the structural fluctuations of PNA duplexes are comparable to those of the 

DNA duplexes. The duplex RMSD value from its average structure calculated with VMD64 is 1.3 

± 0.3 Å for N-linked PNA, 1.4 ± 0.4 Å for 3’-linked DNA, and 1.5 ± 0.4 Å for 5’-linked DNA. 

The small difference in RMSD values suggests that the PNA duplexes are slightly more rigid than 

the corresponding DNA structures (see Figure S5 and Figure S6). This result is the opposite of 

results that were found earlier for PNA and DNA duplexes with a mixed nucleobases sequence. 

(For mixed sequences, the PNA duplexes were found to be more flexible than the DNA 

duplexes.33)  This finding indicates that the relative structural flexibility of the nucleic acids is 

sequence dependent. The larger overlap between nucleobases in the PNA G-blocks leads to 

stronger π-π interactions and decreased flexibility as compared to the earlier mixed nucleobase 

sequence studies of PNA duplexes.65  

MD snapshots were used to calculate HOMO energy fluctuations for each base pair in the 

duplexes (at the INDO/S level).  The HOMO energy fluctuations and standard deviations of each 

base pair are shown in Table 2 for the 𝑛 = 5 length, which is illustrated in Figure 1, for the case 

of PNA. The similar HOMO energies, and their standard deviations suggest that the energy 

fluctuations are similar for PNA and DNA duplexes. These HOMO energies, calculated in vacuo, 

are 1.5 eV to 2 eV below the Au work function. However, the influence of a metal electrode on 

the electronic state energies of adsorbed species can be substantial (circa 1 eV66), and we expect 
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the energy offset between the Fermi level and the effective HOMO orbital energies to be 

significantly less than 1.5 – 2 eV.   

Table 2. HOMO energies (eV) and their standard deviations for the GC base pairs examined in the cross-

strand, intra-strand, and terminal electronic coupling calculations.  These values are computed for 𝑛 = 5 

chains. 

 

  DNA 5’ DNA’3 PNA N-end 

  EHOMO σ EHOMO σ EHOMO σ 

 Cross -6.51 0.22 -6.55 0.21 -6.97 0.19 

 Intra -6.41 0.22 -6.37 0.21 -6.47 0.19 

 Term -6.68 0.21 -6.71 0.22 -6.56 0.18 

 

We calculated the nearest-neighbor root mean square electronic couplings (𝑉𝑅𝑀𝑆) between 

base pairs (INDO/S, block diagonalization method, capped bases),32 where 𝑉𝑅𝑀𝑆 = √〈𝑉2〉 =

(1/𝑛)√∑ 𝑉𝑖
2𝑛

𝑖=1 ,  𝑉𝑅𝑀𝑆
2 = 〈𝑉〉2 + 𝜎2, 𝜎 is the standard deviation of 𝑉, and n is the number of MD 

snapshots used for averaging. Table 3 shows the calculated 𝑉𝑅𝑀𝑆 values. Table 3 reports the 

calculated electronic couplings of the terminal AT base pairs with their nearest GC pair (𝑉𝑇) for 

each of the three duplex types. These calculations indicate a nearly three-fold increase in 𝑉𝑇 for 

N-terminal PNA compared to the corresponding couplings in the DNA duplexes. Table 3 also 

shows that the N-linker PNA duplex intra-strand couplings (𝑉𝐼) are larger than the values found 

for the DNA counterpart. The increase in the couplings, 𝑉𝐼 and 𝑉𝑇, for PNA versus DNA are 

consistent with the larger molecular conductances that are observed experimentally. The cross-

strand coupling (𝑉𝐶) also affects the conductance and earlier work30 showed that it affects the even-

odd oscillations and they are discussed next. A description of how these computed electronic 

coupling values are linked to the conductance measurements follows this subsection.  
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Table 3. 𝑉𝑅𝑀𝑆 values of GC-GC cross-strand (𝑉𝐶), GC-GC intra-strand (𝑉𝐼) and terminal AT-GC 

coupling (𝑉𝑇) in eV. The cross-strand GC-GC couplings for the superexchange pathway (𝑉𝐶
𝑆𝐸) are also 

shown. 

 

 DNA 5’ DNA 3’ PNA N-end 

𝑉𝑇 0.011 0.017 0.047 

𝑉𝐼 0.087 0.071 0.120 

𝑉𝐶  0.006 0.012 0.002 

𝑉𝐶
𝑆𝐸 0.001 0.005 0.017 

 

The direct cross-strand couplings 𝑉𝐶 of the N-linked PNA and 5’-linked DNA are both 

small compared to the other couplings, presumably because of the small overlaps between the G-

bases on the two strands (Figure S7).  Thus, we examined how these values compared with 

coupling obtained from a superexchange pathway involving three nucleobases, 𝑉𝐶
𝑆𝐸  (Table 3). 

MD simulations show that the geometrical parameters of PNA produce larger G-C π overlaps in 

the cross-strand region and, as a consequence, stronger π couplings compared to the case in DNA 

(see Figure S8). The strong π interaction between the stacked GC nucleobases in PNA provides a 

superexchange pathway for charge transfer. The cross-strand coupling, 𝑉𝐶
𝑆𝐸 for the guanine-

cytosine-guanine superexchange pathway was calculated for selected snapshots taken every 5 ns 

with density functional theory to describe hydrogen bonding interactions (M11/ma-def2-TZVPP, 

block diagonalization, capped bases).58, 67 𝑉𝐶
𝑆𝐸 =

𝑉𝐺5−𝐶6𝑉𝐺6−𝐶6
∆𝐸⁄ , where the subscripts indicate 

the nucleobase and the position in the 𝑛 = 5 duplex (see Figure S10). and ∆𝐸 is the energy 

difference between guanine and cytosine localized states, which is close to 0.7 eV.68, 69 𝑉𝐶
𝑆𝐸, which 

are the RMS couplings, are included in Table 3. 𝑉𝐶
𝑆𝐸 is larger than the RMS 𝑉𝐶 values only for 

PNA, suggesting that the superexchange contribution to the cross-strand coupling is more relevant 
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to the transport mechanism in PNA than in DNA, and we will address the implications for the 

charge transport below.  

In addition to differences in coupling pathways for PNA and DNA, the MD simulations 

reveal structural differences among the duplexes that can affect the electrode-molecule electronic 

couplings (𝛾𝐿  and 𝛾𝑅). Recall that 𝑉𝑇  as well as 𝛾𝐿  and 𝛾𝑅 determine the electronic coupling 

interactions near the chain ends. The orientation of the terminal AT base pair, which contains the 

amine groups that bind to the Au electrodes, with respect to the first GC base pair of the G-block 

(see Figure 1) appears to be different in the PNA junctions than in the DNA duplexes. In particular, 

the DNA terminal base pairs exhibit larger structural fluctuations than in PNA, which leads to 

‘fraying’ of the duplex in the absence of the distance constraint described above. In addition, the 

increased rigidity of the PNA nucleobases, which correlates with enhanced π-π stacking 

interactions, likely contributes to establishing strong contacts with the leads and increasing the 

conductance. 

 

PNA vs DNA conductance 

The average experimentally measured single-molecule length-dependent conductance for 

the high-conductance mode of each duplex is shown in Figure 4. For the N-to-N linked PNA, the 

average conductance of the highest conductance mode is ~ 3 ×  10−2 𝐺/𝐺0 (where G0 is the 

quantum of conductance). The average conductances for the PNA duplexes are an order of 

magnitude larger (or more) than for DNA duplexes of the same length. Figure 4b shows the mean 

conductance value obtained from the PNA conductance histograms, which are 3-5 times larger 

than the literature conductance values reported for 3’ DNA. In addition to the PNA conductances, 

the conductances for the first few (𝑛 = 3, 4, and 5) 3’- and 5’-linked G-block DNA duplexes were 

measured in this study and are plotted as filled symbols in Figure 4. The measurements performed 
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here are in good agreement with those reported by Tao and coworkers (unfilled symbols) and also 

display the even-odd oscillation.30 Note that the increased conductance in PNA compared to DNA 

is consistent with earlier findings for mixed PNA sequences,29, 36 although the details of the 

mechanism for the large PNA conductance may be different. 

 

Figure 4. Panel A shows the results for the N linker PNA (blue squares) with data for 3’-linker DNA 

(black triangles) and 5’-linker DNA (red circles); the open symbols are from a previous study30 and the 

filled symbols are from this study. Error bars are shown for the duplexes studied here representing a 

single standard deviation of the fitted Gaussian function for the highest observable mode. The negative 

component of the error for the 5’-linker DNA 𝑛 =  3 data point has been excluded for clarity. The lines 

in the plot connect the best fit conductances found using the Büttiker double barrier model (see 

Supporting Information). Panel B shows an alternate analysis in which the PNA conductance values were 

assigned to the mean conductance value of the histogram, in order to show the increased PNA conduction 

in a model-independent manner. 

 

 The G-block PNA molecules show a significantly higher conductance (2 to 4 percent of 

G0) than is typically found for molecules of comparable length, ~ 3 to 5 nm.70 For example, 

molecules that display conductances on the order of a few percent of G0 are typically the size of a 

single aromatic ring, e.g., benzenedithiol and benzenediamine. Two key factors influencing the 

molecular conductance in a junction are the electrode-molecule linker group and the molecule’s 

electronic structure. The linker group can have an order(s) of magnitude effects on the measured 

conductance.70, 71 The amine linkers for the PNA and DNA duplexes used in this study couple the 

aromatic stack of the duplex more strongly to the electrode than do the backbone-based thiol 
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linkers used in earlier studies.72 The electronic structure of the mediating molecule, e.g., saturated 

versus unsaturated, is known to have a large influence on the molecular conductance as well.68 

However, molecules with highly conjugated electronic structures, such as oligo(phenylene-

vinylenes) and oligophenylethynylenes, show conductances in the range of 10-3 G0 or lower if they 

are a few nanometers in length.70, 73 The length dependence of the molecular conductance through 

a homologous series of molecules is often characterized using an exponential decay as a function 

of length 𝐿; i.e., 𝑒𝑥𝑝(−𝛽𝐿).74 Conjugated molecules show a much weaker decay with distance 

(smaller 𝛽 value) than do saturated systems. Both the shallow dependence of the PNA 

conductances on length and the high conductance values are consistent with transport mediated by 

extended π systems.  

 The observation that the molecular conductance of G-block PNA duplexes are 10 to 20 

times higher than the corresponding 5’-DNA duplexes with the π-stacked linkers is consistent with 

previous observations. Bruot et al.72 compared the molecular conductance through 5’­A(CG)nT­3’ 

(𝑛 =  2– 12) DNA duplexes consisting of thiol linker groups connecting to the nucleic acid 

backbone with duplexes of the identical nucleobase sequence that have amine linkers bonded 

directly to the base stack. They found that the conductance was 10-20 times higher for the π-stack 

linker than the backbone linker for otherwise identical DNA duplexes. In earlier studies, we 

compared the molecular conductance of PNA duplexes to DNA duplexes with thiol linker groups 

on the nucleic acid backbone. In those cases, the PNA displayed a molecular conductance that was 

about 20 times higher than that of the DNA.29, 36 The high conductances measured for the PNA 

duplexes in this study is consistent with these earlier findings.  The combined effects of the 

amine/thymine-based linker group and the high electronic coupling through the G-block stack are 

responsible for the high conductances reported here (vide infra).  
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Molecular orbital interpretation of conductance oscillations 

The N-to-N linked PNA duplexes show a one- to two-order of magnitude increase in the 

molecular conductance compared to the values for the corresponding 5’-linked DNAs. This 

increase in conductance is consistent with the findings for mixed sequence DNA and PNA 

duplexes reported earlier.29, 36  Conductance oscillations observed previously in the 5’-linked and 

3’-linked DNA systems are barely evident for the PNA duplexes. The decreased amplitude of the 

even-odd oscillations with G-block length is explained by the larger cross-strand coupling and 

electrode-molecule couplings in PNA. We first discuss the cross-strand coupling effect and then 

examine the influence of the electrode-molecule coupling on the conductance oscillations.  

 In earlier studies, conductance oscillations as a function of length in G-block DNA 

duplexes (see Figure 4) were explained by an electronic energy effect that arises in finite length 

periodic structures.30, 75, 76 Odd-length G-blocks possess a “mid band” localized orbital with an 

energy near the Fermi level of the gold electrode, approximately equal to the energy of a G 

monomer.30 This length-independent near degeneracy was proposed to strengthen coherent charge 

transport for odd-length chains by providing a flickering resonance coupling pathway across the 

entire duplex.30 In contrast, the orbital energies for even length G-blocks are offset from the “mid-

band” position (Figure 5) and are unlikely to form flickering resonance coupling pathways across 

the structures. This picture accounts for the conductance oscillations with length, as shown in 

Figure 4. 
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Figure 5. Molecular orbital energy picture of nucleic acid duplexes under a weak cross-strand coupling. 

Top: Flickering resonance energy level alignment for odd-length sequences. Each G-block possess a mid-

band orbital in resonance with the Fermi level of the electrodes. Bottom: Energy level alignment for even 

sequences. A mid-band state in resonance with the Fermi level of the electrodes is absent. 

 

Figure 4 shows that the conductance oscillations diminish in amplitude through the three 

duplex types as the overall conductance of the duplex increases. For example, the conductance 

oscillations are substantially less pronounced when the molecular linkers are positioned at the 3’ 

termini of DNA, as compared to the 5’ termini, and the corresponding molecular conductance of 

the 3’ species is observed to be larger. The decrease in the amplitude of the conductance 

oscillations, and the overall increase in the conductance in DNA, was attributed to geometric 

differences of the base pairs at the cross-stand position in the two cases (Figure S7 and Figure S8), 

which causes a change in the cross-strand coupling.30 Intriguingly, a large cross-strand GC-GC 

coupling at the molecule’s center reduces the likelihood of forming a fully delocalized (resonant) 

state across the G-blocks and the electrodes (vide infra).77  

As a rule of thumb, the number of G bases over which the hole can delocalize at room 

temperature is up to about five.30, 78 When the cross-strand coupling is weak, as in DNA 5’, the 
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dominant position for the delocalized hole is across the 𝑛 guanines that form each of the separate 

G-blocks, forming two domains. Thermal fluctuations can bring these two domains into resonance, 

i.e., flickering resonance, and form a fully delocalized state across the entire duplex37 (Figure 6). 

Because the odd length G-blocks have resonant states near the Fermi level, and the even length G-

blocks do not, a strong modulation of the conductance with the G-block length is predicted to 

manifest. As the cross-strand coupling increases, delocalization can occur among G nucleobases 

of the two blocks, and this leads to a lower statistical weight for configurations that have the hole 

delocalized over each of the G-blocks. The growth in the number of configurations with 

delocalized domains leads to a higher overall conductance. The decreased statistical importance 

of the configuration with the extended G-block delocalization manifests as a decrease in the 

amplitude of the even-odd length conductance oscillations. Overall, the conductance is limited by 

the squared coupling between these domains and by the molecule-lead interaction strengths. The 

observation that the conductance increases from DNA 5’, to DNA 3’ - and increases further as the 

backbone is switched to PNA - is consistent with growth in the number and size of the cross-strand 

delocalization domains and their importance for the charge transport (switching from 5’ to 3’ 

increases the cross-strand coupling 3-4 fold, and switching to PNA increases the coupling by 

almost another 2 fold). 

Figure 6 illustrates this mechanistic explanation for the change in conductance and in the 

even-odd effect for 5’-DNA and PNA. The bottom panel illustrates the mechanistic picture 

described in our prior analysis of the even/odd effects on the 5’-linked DNA conductance.30 In this 

structure, the weaker cross-strand coupling in the 5’ structure (compared to 3’) leads to 

delocalization of orbitals on each of the two separated G blocks.  Formation of a transient structure 

with extended delocalization only requires bringing these two blocks into resonance with each 
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other and with the electrodes. The figure illustrates the case of odd length  (𝑛 = 3) and even length 

(𝑛 = 4) chains in order to underscore how the energy of the G-block states are offset from the 

Fermi level of the electrodes.  The dependence of the energy mismatch on whether 𝑛 is even or 𝑛 

is odd, and the promotion of delocalization across each G-block by the weak cross-strand coupling, 

leads to a strong even-odd conductance effect. 

The top panel in Figure 6 explains the mechanistic picture for the case where the cross-

strand coupling is large (comparable to the intra-strand GC-GC couplings). In this case, many 

possible delocalized islands of about five or fewer Gs may form in the structure. Indeed, in this 

regime, the likelihood of forming a delocalized state spread over the entire length of each G-block 

is diminished because of the increase in the overall number of other possible configurations that 

support delocalization, as illustrated by the additional two configurations shown in the top panel 

of Figure 6. Although this effect creates delocalized islands with more than one energy mismatch 

(so that multiple level matchings are required to delocalize over the entire molecule), many more 

configurations which display these delocalized islands manifest and provide many more flickering 

resonance conductance pathways in PNA, which leads to an overall increase in its conductance.  

Our theoretical analysis (Table 3 and discussion) suggests that the electrode-molecule 

couplings for the PNA duplexes are stronger than in the 3’-linked and 5’-linked DNA. This feature 

is not included in the diagrams of Figure 6 for simplicity. A stronger electrode-molecule coupling 

is expected to produce a stronger mixing between the gold and the G-blocks of PNA compared to 

DNA. The stronger molecule-lead coupling expected to further enhance the conductance of PNA. 

This prediction is consistent with the observed higher conductance in PNA and softer even-odd 

effect compared to DNA. We note that strong molecule-lead interactions can perturb the “band 

structure” for each G-block, and will shift the energy of the mid-band state that appears for odd-
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length chains. The effect of the strong molecule-lead coupling can break the degeneracy between 

delocalized hole states in each G-block and dampen the conductance oscillations in PNA compared 

to the case in 5’-DNA. This scenario was explored in detail by Segal et al., who showed that strong 

molecule-lead hybridization can indeed cause the even-odd effects to vanish.75  

  

 
 
Figure 6. Model describing the delocalized islands across two G-blocks, each with 𝑛 = 5. The maximum 

number of Gs over which the hole can delocalize is up to five (each color represents a delocalized block 

of orbitals).30, 78 Top: Regime with a strong cross-strand coupling. The strong cross-strand coupling 

allows the five base pair delocalization to occur anywhere across the entire ten-base sequence of the G-

blocks (e.g., the green block can be delocalized across the two strands). Therefore, the carrier position in 

PNA is less constrained than in DNA. For the sake of illustration, three possible configurations that 

support delocalization are shown (many others are possible). Bottom: Regime where the coherent channel 

with the hole delocalized over each G-block contributes significantly to the conductance. This coherent 

channel is absent in even-length sequences (see Figure 5).30, 75 The weak cross-strand coupling pins the 

carrier delocalization on one of the G-blocks. The odd length G-block sequences are near resonant with 

the Fermi level of the leads and create a delocalized state for coherent transport.  

 

CONCLUSIONS   

Charge transport through nucleic acids can access coherent, incoherent, and flickering 

resonance mechanisms. The experimental and theoretical studies reported here find that structural 

differences in the duplex backbone with the same base sequences can produce order-of-magnitude 
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changes in molecular conductances and can strongly influence how coherence manifests for single-

molecule PNA and DNA junctions. For PNA duplexes, a conductance value of 0.03 G0 was found 

with fourteen base pairs (∼50 Å).  PNA also has a high-mode conductance that is up to 30 times 

larger than that of DNA, and the conductance decreases monotonically with duplex length.  The 

corresponding DNA structures show a striking conductance oscillation. The nearly monotonic and 

weak (< 2 -fold for distances from ~ 2 to 5 nm) change in conductance with duplex length that is 

found in PNA indicates an extremely low molecular resistance, in strong contrast with that for the 

5’-linked DNA duplexes. The overall conductance in 5’ DNA changes by only two-fold between 

the 𝑛 = 3 and 𝑛 = 8 G-block pairs. The even-odd conductance oscillations in 5’ DNA with G-

block length can be up to four-fold, and the average conductance in 5’ DNA is one to two orders 

of magnitude lower than in PNA. Despite these dramatic differences in the experimental 

conductances and their length dependences, the flickering resonance transport mechanism 

provides a consistent explanation for the observed behavior.  

Theoretical analysis finds that the PNA and DNA G-block structures studied here have 

similar structural flexibility, base-energy fluctuations, and base-to-base electronic interactions. 

The main differences between the PNA and DNA duplexes appear to be rooted in 1) differences 

in the molecule-electrode interaction strength and 2) differences in the base-to-base interactions in 

the cross-strand region, which arises from geometry differences between duplex PNA and DNA. 

The stronger cross-strand and molecule-lead couplings in PNA lead to higher conductance than in 

DNA. As such, the characteristics of cross-strand, intra-strand, and molecule-lead couplings 

collectively influence the contribution of competing coupling pathways to the conductance. The 

mechanistic origin of the even-odd conductance effect found in the DNA is consistent with that 

reported earlier,30 which found that cross-strand interactions in the center of the duplex tips the 
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balance among mechanisms. In contrast to earlier studies, the findings reported here indicate that 

the conductance mechanism is also influenced by the strength of the nucleic acid-electrode 

interactions. Growing the electrode-molecule or the block-to-block couplings is expected to reduce 

the statistical importance of delocalized states spread across just one G-block, leads to a decrease 

in the even-odd length conductance oscillations with length, and produce an overall increase in the 

molecular conductance. Future work should explore effects of the molecule-lead coupling strength 

on conductance; for example, one can vary the aliphatic chain length of the amine linkers or modify 

the electrode’s Fermi level in order to realize this goal. Detailed theoretical studies to assess the 

molecule-lead interactions79 would also be incisive.   
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